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Preface

This thesis covers a four month period of research carried out at
the Air Force Weapons Laboratory (AFWL) at Kirtland AFB, New Mexico, and
was supported by ILIR funds from AFWL. The project was to study the de-
pendence of laser-induced damage to optical surfaces upon the pressure
and species of the surrounding enviromment. If such a dependence upon
the pressure and the type of enviromment exist, then there could possibly
be space applications if the damage resistance or threshold of an optical
surface is increased with the absence of an atmosphere. Also, if the
damage resistance depends upon the type of enviromment, then one could
increase the damage threshold by simply placing the material within an ap-
propriate atmosphere.

This project was proposed by my advisor, Dr. Arthur H. Guenther,
Chief Scientist of AFWL. Throughout the course of research, he provided
much needed advice and encouragement.

I would like to also thank the many other people who gave their
time and effort to help me with my research. My special thanks to
Dr. Alan Stewart, for finishing the data on the leached ARG-2 Samples,
and without whose help and encouragement in the lab, my progress would
have been much more difficult. The visual examination of the many
damage sites was performed by Mr. Ed Miesak, which allowed the large
amounts of data to be obtained and analyzed. My thanks to Dr. C.J.
Brinker and Mr. Mark Harrington of Sandia National Laboratories, Albuquerque,

New Mexico, for supplying me with information on and a set of Sol-gel

derived coatings. [ wish to also thank Arthur Goodman for his excellent




photographic assistance, and Lt Col William F. Bailey for his comments
and criticism on the writing of this thesis. Lastly, I would like to

thank Trudy Landry for her understanding and moral support.

John A. Kardach
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Abstract

The testing of optical materials in electronegative gases was in-
vestigated to determine if an increase in the resistance of the material
to pulsed laser-induced damage could be realized as indicated by the
Soviet literature.* The materials were irradiated with a 1.06 um laser
pulse of 5 nsec and a spot size (1/e2 radius) of 148 um. The materials
used for testing consisted of Zr0, dielectric thin films (A/2 at 1.06 um),
copper mirrors, fused silica substrates, Hoya's ARG-2 Glass, and porous
sol-gel derived coatings. Each material was tested in enviromments of
N2, CFA, and SF'6 for pressures ranging from less than 10-5 torr to 600
torr. The results indicated that the energy density damage threshold
was unaffected by the type or pressure of the gas surrounding the material

for single shot damage testing.

*Eron'ko, S.B., G.T. Petrovskii, A.V. Shatilov, A.K. Yakhkind, and
..V. Alcksandrova, '"On Increasing the Resistance of Glass Surfaces to

Repeated Radiation Loads', Sov. J. Opt. Technol., Vol 43, No. 1, pp. 29-31

(Jan 1976).
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I. Introduction

Background
Laser-induced damage of optical train components critically limits

the design and reliability of high power, high energy laser systems.

The importance of this problem is such that an ammual symposium, held
since 1969 (Refs 1-12), has been devoted to the subject of laser-induced
damage in optical materials.

The damage threshold, or the areal energy density at which damage
occurs to a material, varies from material to material, and often de-
perds upon the methods of fabricating and finishing the material (Ref 13)
as well as upon the material's envirorment (Ref 14). For high powered
and high energy laser applications, the laser beam must often be expanded
to reduce the energy density of the beam below the damage threshold of
the optical compornents. However, with an expanded beam, larger and
heavier optical components are required. These larger optics are much
more expensive and difficult to manufacture. Also, if there is a size
and weight limitation on the laser system, then expanding the beam is not
a viable approach. Thus, the study of laser-induced damage, and methods
of increasing the resistance of materials to laser radiation becomes
extremely important: in the design of compact, light weight, high power,
high energy laser systems.

The study of laser-induced damage has been going on since the be-
ginning of the laser era, and there have been many theories proposed for
predicting the process of laser breakdown and damage to the optical
materials. Three of the most accepted theories on pulsed laser-induced

breakdown are avalanche ionization, multiphoton ionization, and absorption

by impurities.
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Avalanche ionization (Refs 15-18) begins with electrons in the

conduction band of a material interacting with the electric field of

the laser radiation. The electric field accelerates an electron causing
the electron to gain energy. As the electron is accelerated, it suffers
collisions and loses energy. If the electron achieves enough energy be-
fore a collision, then it can impact ionize a valence electron. These
two electrons then undergo the same energy gaining process to produce
four free electrons through impact ionizations, and so on. This growth
process continues until the number density of the electrons approaches

8 3, where breakdown and a plasma occur. The plasma then more

1018 e
cfficiently absorbs the laser radiation, and causes catastrophic and
irreversible damage to the material through reradiation.

Multiphoton ionization (Refs 16,18,19,20) also concludes with the
formation of a plasma and damage to the material, however, with the
multiphoton process, the electrons gain energy through absorption of
photons. In fhis process, the electrons are excited from the valence
band to the conduction band during the first part of the laser pulse by
direct absorption of two or more photons. The number of photons required
for each ionization depends upon the band gap of the material and the
wavelength of the laser. This exciting of electrons fram the valence to
conduction band in the multiphoton process is different from that of the
avalanche process, which requires electrons to already be present within
the conduction band in order for the process to proceed.

During the remaining portion of the laser pulse, the electrons

acquire energy by an inverse bremsstrahlung process in which an electron

acquires energy from a photon by absorption while in the presence of an

atom or ion in order to conserve momentum. These electrons can then




impact ionize valence electrons, thus producing a rapid increase in the
electron number density until breakdown and a plasma occur as in the
avalanche ionization process.

Damage from absorbing impurities in the material (Refs 18,21,22,23)
occurs through a thermal process. As an impurity absorbs enough energy,
it can cause a localized melting or fracturing of the surrounding material.
If the impurity lies at the surface of the material, then the heating re-
sults in an evaporation of the surrounding material and a plasma is
formed. This plasma again absorbs the laser radiation and causes ir-

reversible damage to the material.

Objectives

This research experimentally investigated the dependence of a
material's damage threshold on the nature and pressure of selected am~
bient gases. Since laser damage to an optical surface generally proceeds
through an electron avalanche process, the presence of a highly attaching
as species could possibly reduce the effective growth rate of the elec-
tron number density sufficiently to inhibit breakdown and damage during
the laser pulse. A positive indication of this approach of increasing
the resistance of materials to laser-induced damage is given by S.B.
Eron'ko, G.T. Petrovskii, A.V. Shatilov, A.K. Yakhking, and L.V.
Aleksandrova (Ref 24). Eron'ko, et. al found that filling a porous silica
film with an electrically insulating filler (SF6) lead to an increase in
the damage resistance of that material. A more detailed comparison between
Fron'ko's work and the work of this thesis will be discussed in a later

section.




| Scope

Between 8,000 to 12,000 laser test shots were analyzed during the
course of the experiments. Six different types o. samples were tested
in three different gases for a variety of pressures ranging from less
: than 10> torr to 600 torr. The samples consisted of Zr0O, dielectric
thin films (/2 at 1.06um), copper mirrors, fused silica substrates,

f Hoya's ARG-2 Glass, and porous sol-gel derived coatings. The gases used
+ in the experiment were Nitrogen (N.z), Tetrafluoromethane (CFQ), and
Sul furhexafluoride (SF6)-

The selection of nitrogen served as a standard for testing and
comparison purposes. CF, and SF6 were selected because they are electro-
negative gases and will readily attach free electrons (Refs 25,26,27).
In addition, CF4 and SF6 are fairly stable in the presence of an elec-

. trical discharge, and will not easily disassociate to produce corrosive

by-procducts which could react with the samples or equipment (Ref 27).

——— et
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II. Experiment

Experimental Arrangement

The experimental arrangement is shown in Figure 1. The arrangement
was selected to split the laser beam into two equivalent paths; a high

energy path for testing and a diagnostic path (Ref 28). The high energy

path contained 99.9% of the beam energy and was used to perform the damage

tests. The diagnostic path contained less chan 0.1% of the beam energy
and was used to determine the temporal and spatial profile of the laser
beam at the damage site.

Since the diagnostic path was to characterize the beam at the
damage site, it was crucial to have identical beam profiles for each
path. To ensure identical beam profiles, the two lenses used in the ex-
periment to focus the beam were chosen to have as nearly the same focal
length (2m f.1.) as possible. Also, each lens was placed the same dis-
tance from the beam splitter. Since the beam exiting the laser was di-
verging, having the lenses the same distance from the beamsplitter en-
sured that the spot size of the beam incident onto each lens was the
same.

The energy in the main beam path was varied with the use of a wave

plate and a linear polarizer. Since the laser beam was linearly polarized,

only a certain component of the beam's electric field would be transmitted

by the polarizer,
E=E coso , (1)

where F‘o is the incident electric field, and ¢ is the angle between the

two axes of polarization. Thus, the irradiance of the beam leaving the

[ ein ittt iaed
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polarizer is
I= kEc’) cos’e

where k is a constant. The wave plate was used to rotate the polarization
of the laser beam, thus changing ¢ and controlling the irradiance of the

beam as it leaves the polarizer.

The polarizer in the diagnostic path was to remove the various un-
polarized components of the beam, and thus keep the spatial profile of

the diagnostic beam consistent with that of the main beam path.

Experimental Components

The laser system* is shown in Figure 2. The laser system employs
a Nd-YAG oscillator and pre-amplifier. The main amplifier of the system
is a Nd3+ doped silicated glass rod. The laser was operated in the
TEM,, mode, and was Q-switched with a saturable dye 8is Dimethylamino
(Benzil) nickel, (BDN), which was placed in the oscillator cavity at
position 2. The pulse length of the laser was approximately 5 nsec
(FWHM) .

During the experiment, the laser was operated in two different
modes: with and without the main amplifier in operation. Without the
main amplifier in operation, the laser could damage all of the samples
tested except for the bare substrates of fused silica and the unleached
ARG-2 samples. With the amplifier in operation, all the samples could

be damaged. However, with the main amplifier in operation, the laser

* Quantel Corporation, Model NG-24
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could only be fired once every 90 secorxls, compared to the laser firing
rate of once every two seconds without the main amplifier in use. Thus,
the main amplifier was brought into operation only to test the fused
silica substrates and the unleached ARG-2 samples.

The temporal response of the laser pulse was recorded with a biplanar
vacuum photodiode.* The rise time of the photodiode was measured at
<0.5 nsec. The butput signal of the detector was processed by a Transient
Digitizer**, which is a high speed data acquisition instrument that dig-
itizes the input analog signal. The digitized signal is displayed at
a slower speed on a video monitor, and is transferred to a processor
unit.*** The processor unit is programmed to calculate the full width
at half the maximum intensity (FWHM) of each laser pulse. Figure 3 shows
a camputer output for a typical laser pulse.

The spatial profile of the laser beam was obtained with an optical
multichannel analyzer**** (OMA). The OMA system consisted of a segmented
silicon vidicon detector and a microprocessor.

The vidicon detector has an active area of 12.5 mm by 12.5 mm.

This active area is composed of many small photodiodes, which are given
a surface charge by a scanning electron beam. As photons strike the
diodes, electron hole pairs are created which deplete the surface charge
on the diodes. As the electron beam again scans the diodes, the current
required to recharge each diode is measured. This current is then

directly proportional to the laser energy incident onto the diode.

[TT, Model F4000

Tektronix, Model $7912

Tektronix, PDP-1134

Princeton Applied Research, OMA-II
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The vidicon was used to take a one-dimensional scan of the beam,
and the intensity profile was stored on the microprocessor. Each scan
contained 500 data points, with each data point representing the energy
incident onto a slit 25 um wide and 12.5 mm high. A beam profile taken
by the OMA is shown in Figure 4.

Since the laser spot size (1/092 radius) is approximately 150 m, a
beam scan taken by the GMA would only contain about six data points.
Thus, to increase the resolution of the OMA; an imaging lens (7.5 cm f£.1.)

was used to slightly magnify the laser spot and image it into the vidicon

detector.

The magnification of the imaging lens was determined with the use
of two thin parallel wires. The two wires were frontly illuminated, and
the reflected light was then imaged through the imaging lens into the
vidicon detector. The separation of the two intensity peaks formed by
the reflected light off of the wires was then determined. This separation
was then compared to the actual separation of the two wires, and the

magnification determined. The imaging lens was found to magnify the

laser spot by 9.5X * 5%.

The two wire method of determining the magnification was much more
precise than trying to measure the thickness of a single wire. With a
single wire, one has to define the ''edge' of the wire on the intensity
pattern, and also when the wire is in focus. Measuring the separation of
the peaks from the two wire intensity profile is rather simple, and the
separation of the peaks remains constant even if the wires are not exactly
in focus, as shown in Figure 5.

A measurement of the beam's spatial profile on the OMA was to be

taken with each damage shot. However, after the first couple of hundred

11
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shots, the beam profile remained constant with a 6% variation. Measure-
ment of the profile was then limited to five shots at the begimning of
each pressure run, and to five shots at the end of each run to check for
variations in the profile.

The spot size of the beam was determined by measuring the FWHM of
the profile obtained by the OMA. With the magnifying lens in place, a
FWHM of 63 chammels with a *6% variation from shot to shot was obtained,
which corresponds to a spot size (1/e2 radius) of 148 uym with a variation
of +7.8.

The energy of the main beam path was determined by measuring the
energy reflected by a window placed in the beam path. The reflected
energy was measured with a pyroelectric energy detector.* The detector

has the following manufacturer's specifications:

Range: 1 yWJtol J
Maximm Peak Power: 1 MN/cm2

Pulse Width: < 1 nsec to 1 msec
Accuracy: * 5% of Reading

The reflected energy measured represented a certain percentage of
the cnergy striking the sample. The exact amount reflected was determined
by measuring simultaneously the encrgy received at the sample site and the
energy reflected from the window. For this measurement, another energy
detector*' was used to measurce the energy received at the sample site.
The detector has the following manufacturer's specifications:

Range : 2uJtol d

Maximum Fnergy 1 J/cm2
Density:

* laser Precision, Model Rj-7100
** Laser Precision, Model Rk 3230 Pyroelectric Detector

14
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Maximum Peak 107 W/c:m2
Power Density:

Pulse Width: < 1 nsec to 1 msec

Accuracy: t 4% of Reading (Detector fully Illuminated)

A number of the laser shots were measured over a wide range of
energies, and the two detectors showed a linear response with a variation
of $1%. The amount of energy reflected by the window was determined to
be 3.7% of the energy at the sample, with an uncertainty of 7%.

The sample chamber is shown in Figure 6. The chamber was constructed
of aluminum and could maintain pressures from less than 10_5 Torr to
two atmospheres (1520 Torr).

The laser beam entered the chamber through a window which was ex-
tended 30 inches in front of the chamber by an aluminum tube. This ex~
tension prevented the window from becoming damaged during the experiment.

The gases to be used in the experiment, Nitrogen (NZ)’ Tetrafluore-
methane (CFA)’ and Sul furhexafluoride (SF6), were introduced into the
chamber through a feedthrough valve after evacuation. During the experi-
ment, cach sample was first tested under vacuum conditions ( 10_5 Torr),
and then tested at subsequent higher pressures (1 Torr, 50 Torr, 200 Torr,
and 600 Torr). After a specific pressure was achieved, the sample
chamber was allowed to equilibrate for an hour in order to allow the

pressure to stabilize.

The vacuum system consisted of two vacuum pumps, a mechanical pump*

and a cryopump.** The cryopump was run continuously and could be sealed
off from the chamber with a butterfly valve when not needed. The

* Alcatel Mechanical Pump 2004A
** CTI-Cryogenics Cryo-Torr 7 High Vacuum Pump
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mechanical pump was used to pump the chamber to less than 200 millitorr,
and was then sealed off from the chamber. With the pressure less than
200 millitorr, the cryopump could be used by the opening of the butterfly
i valve. To achieve a base pressure of less than 10_5 Torr required a
| pumping time of about 90 minutes starting from room pressure. The pres-
sure within the chamber was measured with three different pressure gauges;
a baratron pressure gauge*, a thermo-couple gauge**, and an ionization
gauge***, The baratron gauge had a range of 0.1 to 1000 Torr and was
| accurate to 0.5% of the pressure reading. The thermo-couple gauge had
a range of 1 millitorr to 1 Torr, and the ionization gauge had a range :
of 1 millitorr to 10—8 Torr.

The sample holder was located in the center of the vacuum chamber.

The holder had the capability to adjust the sample position along six

different directions. The sample could be rotated around the beam's
axis, tilted about two axes, or moved side to side, up and down, or for-
ward and backward (see Figure 6). After the initial set-up of the ex-
periment, culy two of the directional capabilities, the rotation of the
sample and the side to side movement of the sample, were used to orient
the sample and present a new target site.

The target sites on the sample were situated in concentric circles ‘
about the center of the sample. The target sites making up each of the

circles were spaced 1 mm apart, andd the spacing between the concentric

target rings was also 1 mm. However, the spacing for the fused silica

and unleached ARG-2 samples was changed to 1.5 mm between target sites and

r e e b ————— o wa -

* MKS Baratron Gauge, Type 222AHS
** Veeco Thermocouple Gauge, Type DV-IM
*AHigh Vacuum Products, Inc., G-75 lonization Gauge
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target rings due to the fact that high damage shots tended to overlap

into the next target site. The shot pattern created on a sample is

shown in Figure 7.

P

Figure 7: Laser Shot Pattern on the Sample

Each sample was observed during testing with the use of a prism and
a telescope. The telescope had a 1.06 um blocking filter placed before
it, and the observer always wore safcty goggles when viewing the sample
during testing. The viewing of the sample during the laser shots was to

observe whether or not a visible plasma was formed.

Optical Alignment

The optical alignment of the system was important, particularly as the

diagnostic path was to duplicate the main path (Ref 28). First, as each

18
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optical caomponent was placed in the beam, it was centered such that the
beam was incident onto the center of the camponent. Next, the lens in
the main beam path was adjusted until the beam was focused at the sample
site. The focal region of the lens was determined by taking Bean scans
at the sample site to determine the beam profile or spot size. The beam
was focused at the sample site, when the beam scan at the sample provided
the smallest beam profile.

The focusing lens in the diagnostic path was then positioned the
same distance from the beamsplitter as the lens in the main beam path.
Next, the distance between the vidicon detector and the imaging lens was
ad justed to provide the magnification required for proper resolution, and
then the distance was fixed by the use of metal spacers placed between the
vidicon and the imaging lens. The imaging assembly (the vidicon detector
and the imaging lens) was then moved into focus by determining the posi-
tion of the smallest beam profile with the use of the OMA.

Next, a sample was placed into the sample holder, and the holder was
ad justed until the reflected beam made a 2° angle with the incident beam.
This angle prevented the reflected beam from feeding back into the laser
system.

Each sample was ctched with a diamond scribe on the edge to serve as
a reference mark for placement into the sample holder. This reference
mark allowed the sample to be removed from the holder, examined for damage
under the microscope, and then replaced into the holder to be damaged again
without the fear of losing one's orientation of the sample sites.

Each ring of samplc sites was started along the same radial, and
then the sample was rotated counterclockwise after each shot. After a

ring was finished, the sample was rotated clockwise back to the first
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sample site and then repositioned to a new target radius. The damage
testing was begun upon the immermost ring, of each sample then moved to
the next outer ring, and so on out to the edge of the sample. The immer-
most target ring primarily had a radius of 4 mm, but the Zr0, and fused
silica samples contained a molybdenum disc in the center of the sample;

for these samples, the innermost target ring began upon the 9 mm radius.

Samples

The samples used in this experiment consisted of Zirconium Oxide
(2r0,) dielectric thin film coatings(2/2 at 1.06 um), diamond turned
copper, bare substrates of fused silica (Si0,), leached and unleached
Hoya's ARG-2 Glass, and leached and unleached Sol-Gel derived coatings
on fused silica substrates. All the samples, except for the Sol-Gel
samples, were made to Bennett size specifications, 1.52" +.005", -,000'"
in diameter and ~3/8" thick. The Sol-Gel samples were ~1.5" in diameter
and ~1/4" thick.

The ARG-2 samples were produced by Hoya Optic U.S.A., Inc. The ARG-2
samples are made from a phase separable glass which, when chemically
leached, produces a graded refractive index layer. This graded index
layer is produced by micropores introduced by the leaching process, and
this layer acts as an anti-reflection coating (Ref 29).

The Sol-Gel samples were produced by C. J. Brinker, Sandia National
Laboratories, Albuquerque, New Mexico. According to Brinker et. al.
(Refs 30,31,32), in the Sol-Gel process, glass-like macromolecules are
formed in solution at room temperature by chemical polymerization. This
polymerization process normally proceeds until the solution transforms

to a stiff, amorphous, transparent gel. However, before the solution
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transforms into a gel, it can be diluted in alcohol and then applied to
a surface by spraying, dipping, or other thin film coating techniques.
After drying, the surface is heated to remove residual organic matter,
leaving an oxide layer. This layer is microporous and can be converted
to an anti-reflection film by chemical etching.

The Sol-Gel samples used were coated with multicomponent silica gels
of camposition 66SiO2 - 188203 - A1203 - 6Na20 ~ 3Ba0, on fused silica
bare substrates. All samples contained five coats applied by spin coating
at 2500 rpm. The coatings were heated at 500° C for 1000 minutes, and
the leached samples were etched for 10 seconds in diluted acid, H,ZSiF6.
The Sol-Gel coatings had a projected surface area of 10112/ um, and the
micropores were between 10 - 20 & in size for the unleached samples and
30 - 40 & for the leached samples. The thickness of the coatings were
~3500 &.

In examining the Sol-Gel coatings, it was found that the coating thick-
nesses were slightly non-uniform and that there were slightly more
defects in the Sol-Gel coating than in a normal dielectric coating. Also,
the coatings were somewhat fragile and were easily scratched.

Each sample was cleaned prior to being placed into the vacuum chamber.
First, each sample was blown free of dust by a filtered air can. Next,
an alcohol wipe was performed. A 3 x 5 inch sheet of lens cleaning paper
was placed upon the top of the sample, and then a drop or two of spectral
grade ethanol was placed onto the tissue, wetting the sample undermeath.
The lens paper was then pulled across the sample and the surface allowed
to dry. This procedure was repeated for all of the samples except the
Sol-Gel and the leached ARG-2 samples which were only blown free of dust.
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Damage Threshold Determination

The ideal situation for threshold determination would be to examine
each target site for damage immediately after the laser shot. If laser
damage did occur, then the next laser shot would be at a lower energy in
order to determine the energy where damage will not occur. If damage
does not occur, then the next shot would be at a higher energy in order
to determine the energy where damage will occur. In this way, one could
easily bracket the damage threshold of a sample. However, with the sample
enclosed within the vacuum chamber, examination of the sample after each
laser shot was not practical.

To determine the damage threshold of a sample, two separate series
of shots were taken. The first series of shots was a set of 30 to 40
ranging shots. These ranging shots were taken at each separate pressure
for each sample. The sample was then removed from the chamber and examined
for damage under the microscope. Since these ranging shots covered a
wide range of energies, from very low energies to energies where a visible
plasma or spark could easily be seen, a rough estimate of the damage
threshold could be made. The sample was then replaced within the chamber,
and the remaining target sites were shot within this estimated damage
threshold region.

This estimated damage threshold region was usually taken to be
between the highest energy at which damage did not occur plus about 507%
of that cnergy, and the lowest energy at which damage did occur minus
about 507 of that energy. The total number of damage shots per pressure
depended upon the sample, but was between 120 and 160 shots.

Laser damage to the sample was determined by a visual observation
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of the damage sites under a Nomarski microscope. An observance of a
visible plasma was taken as a sign of damage, but was not used as an
indicator. Since the back surfaces often damages before the front surface
(Ref 34), a visible plasma could mean damage to the back surface but not
necessarily the front. In fact, a visible plasma was often observed for
many damage shots, but no damage was observed under the microscope for
these sites.

The magnification used for observing damage to the sample varied
depending upon the damage site, but was between 100X and 500X. The
sample was considered to be damaged if there was any observable change to
the surface of the sample such as pits, halo formation, annealing, etc. i

For case in the location of the target sites with the microscope, %
highly damaging laser shots were made as markers on the sample. Each !
target ring was begun with two marker shots, and every third shot there-
after was a marker shot.

A complete shot record was kept on each sample used. The data
recorded consisted of the laser pulse length, the energy of the laser
shot, and the target site's radius and position. With the use of this
shot record and the marker shots on the sample, one could easily locate
any desired target site under the microscope. This technique was used
to obtain the photographs of damage sites appearing within this thesis.

Figrure 8 shows a typical data plot using the procedures of Bettis,

House, and Walker (Refs 28,35,36). The damage threshold was determined

by
Eth = (FND + I:'.D)/Z (3)
where E 4 is threshold energy density, Egy is the highest energy density,
23
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E‘ND is the highest energy density at which no damage occured, and E‘D is

the lowest energy density at which damage occurred. The spread in the
damage threshold, Eg» which is usually taken as a measure of the statistical
nature of the damage process, is given by

The spread actually gives an indication of how accurate or precise the
damage threshold value is. Since there is an overlap region of energy
densities at which both damage and no damage occur, as seen in Figure 8,

the value for the damage threshold can actually be anywhere within this
region. The damage criteria used for this experiment takes the threshold
as the center value of this region. However, a spread is also given

along with the threshold value which yields information about this overlap
region. A large spread means that the overlap region is also large, and

the value given for the threshold may be a somewhat inaccurate estimate.
However, a small spread means that the overlap region is also small and that

the value given for the threshold is a good estimate.

Accuracy of Results

The measured FWHM on the OMA has a variation of *6% from shot to
shot, and, including the uncertainty of the magnification of 5%, this
combination yields an uncertainty in the spot size measurement of :7.8%.
The measured energy has an uncertainty of *8.6% due to the #5% uncertainty
of the Rj-7100 pyroelectric detector and the 7% uncertainty in the amount
of energy reflected by the window. Thus, with a $7.8% uncertainty in the
spot size measurement and !8.67% uncertainty in the measured energy, a :17.8%

uncertainty is calculated for the measured energy demsities.
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III. Results and Conclusions

Results

Each sample was tested in three different gases, Nitrogen (N2),
Tetraf luoromethane (CFA), and Sul furhexafluoride (SF6), except for the
fused silica substrates and the unleached ARG—Z samples which were only
tested in N, and SF6. Each sample was tested for pressures ranging from

3 torr to 600 torr.

a vacuum of less than 10

The testing of a specific gas at the various pressures on a certain
type of sample were all performed upon the same sample. Thus, for
example, only one copper mirror sample was tested in nitrogen for pres-
sures of a vacuum, 1, 50, 200, and 600 torr. This precaution of using
the same sample for the testing of a gas at the various pressures was to
insure that the data taken for a certain type of sample in a specific
gas was consistent from pressure to pressure.

A problem often encountered when comparing the damage thresholds

of similar samples is that the threshold values can often disagree. The

fabrication techniques, the handling of the sample, and many other factors

can all affect the damage threshold of a sample. Even samples which are

supposed to be identical in fabrication and preparation can give different

values for the damage threshold of the material. {
An cxample of this variation of damage thresholds from sample to

sample is shown in Table II for the unleached ARG-2 samples. Comparing

ecach ARG-? sample under vacuum conditions, one sees that one sample has

a much higher threshold (74.5 J/cmz) than the other two samples (56.0 J/c:m2

and 58.4 J/cnl).
The measured energy densities of the damage thresholds for the samples
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tested are presented in Tables I to IV. . The spread of the thresholds,
given in parenthesis below the energy densities, represent a measure of
the statistical nature of the damage process and are determined by equa-
tion (4).

Figures 9 to 14 show typical damage morphology for each of the
samples tested. As the figures show, damage to the various materials

ranged from minor damage of small pits, to massive damage of the sample.
Conclusions

The results indicate no real dependence of the energy density damage
threshold upon the type or the pressure of a surrounding gas for any of
the samples tested. However, if a small trend were present within the
data, it could well be hidden within the wide spreads of the damage
threshold measurements.

The results do indicate that the damaging process does not begin
within the air near the surface of the sample. If the damaging process
began within the air near the surface, then there would be a change of the
damage threshold from vacuum conditions to higher pressures, since.there
is a pressure dependence in gas breakdown. However, the damage thresholds
measured for the samples tested remained basically constant from pressure
to pressure. This result supports findings by C. Yamanaka, et. al. (Ref 13),
where the results of spectroscopic measurements of glass surface break-
down indicated only spectrum typical of the glass, and not that of the

surrounding atmosphere.

Comparison of Results

In comparing the results of this research with that of S. B. Eron'ko,
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a. N2 at Vac

Mag . 250X

C. CFQ at 200 Torr
Mag = 250X

Figure 9:

b. CF4 at Vac
Mag = 250X

d. SF() at 200 Torr
Mag = 250X

Damage Morphology of Zr02 Thin
Film Diclectric Coatings” (/2 at 1.06 um)
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a.

C.

N2 at 200 torr b. Cl-‘4 at 50 torr

CF4 at 1 torr d. SF, at 600 torr
Mag = 250X Mag = 250X

Figure 10: Damage Morphology of Copper
Mirror Samples
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a. N2 at Vac b. CF4 at 600 torr
Mag = 200X Mag = 100X

! CF‘. at S0 torr d. 6 at 50 torr
: Mag = 100X Mag = 50X

' Figure 11: Damage Morphology of
[ ' Unleached ARG-2
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a.

N2 at 50 torr

Mag = 100X

C.

SF 6 at Vac

Mag - 100X

Figure 12:

d.

N2 at 600 torr

Mag = 100X

SF6 at 600 torr
Mag = 100X

Damage Morphology of Bare
Substrates of Fused Silicate
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a. N2 at Vac b. N2 at 600 torr
= 100X Mag = 100X

CF4 at 600 torr d. SF6 at Vac

Mag = 100X Mag = 100X

Figure 13: Damage Morphology of Unleached
Sol-Gel Derived Coatings
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a. N at 1 torr b. N at 50 torr
Ma = 100X Mag = 100X

b. 4 at 1 torr d. SF6 at 1 torr
Mag = 100X Mag = 100X

Figure 14: Damage Morphology of Leached
Sol-Gel Derived Coatings
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et. al. (Ref 24), one finds that the results are contradictory. Eron'ko,
et. al., found that filling a porous silica film with an electrically in-
sulating filler (SF6) leads to an increase in the damage resistance of
that material. However, results from this experiment, that of the porous
sol-gel derived coatings, indicate that the addition of SF¢ had no effect
upon the damage resistance of a porous coating. The difference in results
can be attributed to the different approaches in performing the experiment.
Eron'ko, et. al., used a 1.06 um laser with a 70 usec pulse duration
and a 60 um spot size. They used multiple laser shots per test site, and
the appearance of a plasma was taken as the criteria of damage occurring
to a test site. A probability of the plasma occurring was then calculated
by taking the ratio of the mumber of laser shots required for a plasma to
occur to the total number of laser shots taken per test site (~4000 shots).
These probabilities were then used as an indication of damage resistance.
For this thesis, a 1.06 um laser with a 5 nsec pulse duration and a
148 um spot size was used. Each test site was subjected to only one laser
shot and damage was determined by a visual inspection of the damage site.
The damage threshold of each material was then calculated by equation (3).
As seen when comparing these two experiments, four basic differences
arise: The difference in pulse duration, the spot size, the number of
laser pulses per damage site, and the damage criteria.
The pulse duration has a direct effect upon the damaging process
(Ref 37) in that the electric field strength required for damage is pro-
portional to the pulse duration raised to the minus one fourth power,

t—l/& 1/

, and the energy density required for damage shows a t~ 2 deperdence.

Thus, damaging an optical surface with a 5 nsec laser pulse would require




a higher energy density than damaging the material with a 70 nsec laser
pulse. Thus, this pulse duration dependence would just change the values
of the damage threshold of the material, and would not explain the con-

i ) tradictory results seen in the experiments.

In examining the spot size dependence upon laser-induced surface
damage, one finds that smaller spot sizes (<100 um) give a higher damage
threshold for a material than the larger spot sizes (Ref 37). The reason

for the higher thresholds with the smaller spot sizes is that the beam is

LM s AT 1 £ 4% 8
&

less likely to encounter an imperfection in the material. Smaller spot
sizes also tend to have larger spreads than the larger spots. Thus, the
spot size dependence will just give different values for the damage thresh-

old of a material, and again will not explain the contradictory experimental

results.

Multiple laser pulses per test site has the effect of conditioning ’
the test site and making it harder to damage (Ref 38), while with a single |
laser pulse per test site, there is either damage or no damage and no .r
conditioning can occur. This conditioning due to multiple laser pulses

occurs with the first few laser pulses which remove microimperfections

in the material, improving the surface and making it harder to damage.
Eron'ko, et. al., used multiple laser pulses per test site, but they also
observed that there was still an increase in the damage threshold with
the addition of SF6 from the first flash, or for the first laser pulse,
i.e., a single laser pulse testing. Thus, the conditioning effect due to
multiple laser pulses also does not explain the contradicting experimental

results.

v
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The last difference between the two experiments is the damage criteria.

Eron'ko, et. al., used a visible plasma as an indicator for damage, while
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this thesis made a visible inspection of each test site for damage to the
material. A visible plasma generally indicates that major damage has
occurred to the material, but minor damage can also occur to the surface
without a visible plasma being present. This minor damage is generally
small pits formed by the absorbing impurities in the material. However,
the formation of the visible plasma is through an electron avalanche
process, which can be affected by the presence of an electronegative gas.
Thus, the contradictory experimental results can be explained since a
visible plasma will be more difficult to achieve in the presence of an
electronegative gas, yielding an increase in damage resistance, according
to Eron'ko; while the small pits and minor damage which occur from ab~
sorbing impuritics is unaffected by the presence of an electronegative
gas. Thus, the visible inspection of each test site located the presence
of any type of damage, small pits to major damage, while using a visible
plasma as an indicator of damage did not include these initial damage

sites, which explains the difference in the experimental results.

Recommendations For Future Research

This experiment examined the effects of electronegative gases upon
the damage threshold of a material, however, this study concentrated only
on single laser pulse testing of the material. Further study is needed
for multiple laser shots per Lest site, or N-on-1 testing, in order to
measure conditioning effects and to obtain survivability curves.

‘The porous surface samples used in this study had slightly nonhomo~
geneous surfaces which often caused unusually large spreads. Further
research with porous surfaces should be made with samples which have more
homogeneous surfaces so as to .reduce the spreads and to give a more

accurate value for the damage threshold.
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The effect of electronegative gases upon the electron density growth ‘1
rate should also be investigated. The growth rate of the electron number
density could be measured with a proportional counter to determine whether

the presence of an electronegative gas will hinder the electron density

growth rate and the formation of a plasma.
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